A novel in situ method based on a liquid membrane templated self-assembly process is employed to modify carbon tube-in-tube nanostructures (TTCNTs) with Fe 2 O 3 nanoparticles. The as-obtained Fe 2 O 3 modified TTCNTs (Fe 2 O 3 /TTCNTs) nanocomposites are well constructed and the Fe 2 O 3 nanoparticles are well dispersed and decorated on the outer, inner and intramolecular surfaces of TTCNTs. In addition, the Fe 2 O 3 /TTCNTs nanocomposites are employed as catalysts for selective catalytic reduction (SCR) of NO with NH 3 and show high SCR catalytic activity, indicating that the novel multiple intramolecular channels and unique surface chemistry of the TTCNTs should play an important role in improving the properties of TTCNTs.
Introduction
The unique one-dimensional tubular structure and accessible surface make carbon nanotubes (CNTs) an intriguing candidate with wide applications in catalysis [1] [2] [3] [4] [5] [6] , gas sensing [7] [8] [9] , nanoreactors [10, 11] and template synthesis [12, 13] . For most of the applications, however, chemically inert CNTs often need to be modified with guest objects such as metals and metal oxides [14] . The modification can be normally realized by an ex situ method, in which the guest materials are post-modified after CNT synthesis. Moreover, to modify the inner cavities of CNTs due to their distinctive properties [15, 16] , only molten materials with lower melting points and salt solutions can be introduced through filling the channels by capillary forces [17] , which is often restrictive in material choice and modification yields [18, 19] .
Carbon tube-in-tube nanostructures (TTCNTs), usually constructed by a narrow inner tube within a large outer tube, have multiple intramolecular channels and surfaces and thus are expected to exhibit many improved properties [1] . However, this complex carbon nanostructure is difficult to 3 Authors to whom any correspondence should be addressed. assemble in comparison with normal CNTs. A strategy succeeding in the synthesis of TTCNTs is based on conventional chemical vapor deposition through prefilling iron catalyst nanoparticles into pristine CNTs followed by high temperature catalytic growth of the inner tubes [1] . Lately, we developed a simple and flexible method to assemble TTCNTs based on a wet chemistry technology [20, 21] , in which the coexisting graphitic impurity nanoparticles are firstly disintegrated into small graphene sheets by an intercalationexfoliation process with nitric acid, then the graphene sheets are self-assembled outside and inside of the pristine CNTs through esterification linkages between the carboxyl and hydroxyl functional groups that are modified at the edges of the graphene fragments by the oxidation of nitric acid. The assembly was performed in an organic medium and the asobtained TTCNTs are well constructed. Moreover, the tube ends are open, which facilitates further decoration by guest nanostructures. Previously, we employed the normal ex situ method to modify the prepared TTCNTs with iron oxide nanoparticles both within the cylindrical intramolecular spaces and on the multiple surfaces through refluxing the TTCNTs in a solution of iron nitrate [21] . Recently, we further realized the assembly of TTCNTs in an aqueous medium either via hydrogen-bonding linkages formed between carboxyl and hydroxyl groups or liquid membranes. These findings provide a possibility of in situ modifying of TTCNTs with guest objects during the assembly of TTCNTs. Here we demonstrate and exemplify a simple and effective in situ modification method for assembling TTCNTs and simultaneously modifying the TTCNTs with iron oxide nanoparticles when the assembly experiments are performed in an aqueous solution of iron nitrate (forming Fe 2 O 3 /TTCNTs nanocomposites).
Experimental details
The strategy of the in situ modification of Fe 2 O 3 nanoparticles in TTCNTs is illustrated in figure 1 . Firstly, the Fe(NO 3 ) 3 solution is adsorbed onto the surface and sucked into the inner channels of the acid-treated fishbone-like CNT (figures 1(a)), and the liquid membranes (LMs) are formed on the interface of the inner and outside tube wall (figures 1(b)). Then a new tubule is self-assembled by the graphene sheets which are modified with carboxyl and hydroxyl groups on the surfaces of the LMs ( figure 1(c) ). Finally, when the LMs are removed by sample-drying and heat treatment processes, intramolecular spaces are left behind between the pristine and the newly formed tube moieties, thus forming the TTCNT. Simultaneously, Fe 2 O 3 nanoparticles are homogeneously deposited on the multiple surfaces of the TTCNTs ( figure 1(d) ).
The pristine CNTs employed were commercially supplied by Applied Science Ltd., USA and pretreated with concentrated nitric acid before use [21] . The carboxyl and hydroxyl groups are attached to the fragment edges and the surface of the fishbone-like CNT during the concentrated nitric acid treatment process. To fabricate and in situ modify TTCNTs, the as-obtained starting materials (200 mg) (including CNTs and graphene sheets) were introduced into 200 ml, 0.3 mol Fe(NO 3 ) 3 aqueous solution and refluxed for 8 h with stirring. The resulting suspension was then filtered and washed with distilled water, dried at 110
• C in air for 12 h and followed by heat treatment in an Ar atmosphere at 400
• C for 4 h. 3 ) 3 (0.4 ml, 0.78 mmol) , then dried at 110
• C for 4 h. Transmission electron microscopy (TEM) and high resolution TEM (HRTEM) images of the samples were taken using a JEM-2010 high resolution transmission electron microscope. X-ray diffraction patterns were obtained on a D8 ADVANCE BRUKER diffractometer. Iron oxides are commonly used as catalysts for many important reactions such as epoxidation of alkenes [22] , deep oxidation of VOCs [23] , reduction of nitrogen oxide [24] , etc. Here, we employed the selective catalytic reduction (SCR) of NO with NH 3 as a probe reaction to explore the potential improved catalytic properties of Fe 2 O 3 /TTCNTs nanocomposites since the SCR reaction is an important way to remove the air pollutants NOx from flue gases [25] .
Results and discussions
As shown in figure 4 (a), NO conversion is about 70% when the reaction temperature is as low as 150
• C, which is greatly enhanced to about 98% with the increase in reaction temperature to 200
• C. When the SCR reaction is performed at a temperature of 250
• C (much lower than the needed reaction temperature of above 350
• C for common titaniasupported catalysts [26, 27] 
Conclusions
A novel convenient in situ method based on a liquid membrane templated self-assembly process for fabricating TTCNTs and simultaneously modifying TTCNTs with Fe 2 O 3 nanoparticles is introduced. The as-obtained Fe 2 O 3 /TTCNT nanocomposites are characteristic of well-organized tubein-tube nanostructures and uniformly distributed Fe 2 O 3 nanocrystals, which display a higher SCR activity than that of the CNT-supported catalysts.
